Single-walled carbon nanotubes as emerging quantum-light sources may fill a technological gap in silicon photonics due to their potential use as near-infrared, electrically-driven, classical or nonclassical emitters. Unlike in photoluminescence, where nanotubes are excited with light, electrical excitation of single-tubes is challenging and heavily influenced by device fabrication, architecture and biasing conditions. Here we present electroluminescence spectroscopy data of ultra-short channel devices made from (9,8) carbon nanotubes emitting in the telecom band. Emissions are stable under current biasing and no quenching is observed down to 10 nm gap size. Low-temperature electroluminescence spectroscopy data also reported exhibits cold emission and linewidths down to 2 meV at 4 K. Electroluminescence excitation maps give evidence that carrier recombination is the mechanism for light generation in short channels. Excitonic and trionic emissions can be switched on and off by gate voltage and corresponding emission efficiency maps were compiled. Insights are gained into the influence of acoustic phonons on the linewidth, absence of intensity saturation and exciton-exciton annihilation, environmental effects like dielectric screening and strain on the emission wavelength, and conditions to suppress hysteresis and establish optimum operation conditions.
Introduction
The most valuable asset of single-walled carbon nanotubes for photonics applications are their structure-dependent optical transitions, which can be optically or electrically stimulated to emit light in the near-infrared wavelength range. 1, 2 This, together with the compatibility of nanotubes to a range of biological, chemical and CMOS processing methods, makes nanotubes highly attractive for applications as novel fluorescence markers in photoluminescence microscopy or as nanoscale emitters for on-chip data transmission with light. 3, 4 For devices, the ability to scalably integrate specific nanotubes into complex architectures is essential, and the progress in synthesis and sorting of nanotubes and in selective placement has eventually materialized into electrically-driven, ultrafast on-chip light emitting devices, that are susceptible to photonic engineering and at the verge of single-photon emission. 5,6 Short channel lengths are required for keeping the device footprint small and operation frequency high. However, if the channel length becomes comparable to the exciton diffusion length, the question arises at which point the emission will be quenched by nearby metal electrodes. 7 So far electroluminescence from single tubes was explored for channel lengths down to a few hundreds of nanometers, 8,9,10,11 or microns for aligned multi-tube devices and thin film devices. 12, 13, 14 In this work we study emission from channels with an order of magnitude smaller gap size. For such small gaps the question arises, whether emission will be broadened due to large electric fields and generation of hot carriers. This was reported in the pioneering works of the IBM group for micrometer size gaps, 15, 8 and is still unexplored for devices with channel length below 100 nm. Furthermore, whether electroluminescence in short channel devices would be driven by impact excitation 16 or carrier recombination 17 and how steady operating points for efficient light generation can be reached is an open question as well. In this work we have fabricated devices with a channel length down to ten nanometers and recorded electroluminescence spectra under controlled biasing conditions over a wide temperature range. We studied preferentially monochiral (9,8) nanotubes because they emit in the technologically relevant telecom band and can be synthesized through selective catalyst CVD growth. 18, 19 At cryogenic conditions we observe excitonic and trionic emissions that are exceptionally stable and reproducible, appearing at well-defined source-drain current and gate voltage. We have compiled electroluminescence excitation maps which allow identifying optimum operating conditions, where emission lines are narrow and device efficiency is high. The enhanced stability is the result of a specific sample process flow, device biasing scheme, vacuum and low temperature. We emphasize that the data constitutes the first electroluminescence spectra recorded at cryogenic conditions. The results are important for understanding the mechanism behind light emission from short channel devices and to advance their potential use as on-chip light sources.
Results and Discussion
(9,8) nanotube devices with Pd source-drain electrodes were fabricated on 300 nm SiO 2 / p-doped Si substrates by electron-beam lithography, metallization and electric-field assisted deposition of nanotube (dielectrophoresis). The nanotubes were produced by selective-catalyst CVD, dispersed in toluene by polymer-wrapping, and purified and length sorted by gel filtration (details in methods section). Absorption spectra (Fig. 1a) and photoluminescence excitation maps (Fig. 1b) of excitonic transitions within the telecom band give evidence for a high content of (9,8) nanotubes and the presence of (8,7), (9,7), (10,8), (10,9) species in minor concentrations. To comply with the nominal charge transfer length for side-contacted nanotubes, 20 fractions of length-sorted (9,8) nanotubes
were selected for depositions such that nanotubes were at least 200 nm longer than the distance between the source-drain electrodes. Simultaneous site-selective deposition of single-tubes from diluted nanotube dispersions onto multiple electrode pairs (Fig. 1c) , with channel lengths between 10 -1000 nm, was carried out by dielectrophoresis as described in methods section. A representative contact is shown in Figure 1d+e . The devices were electrically wired, mounted into an optical cryostat and evacuated to 10 -7 mbar. The cryostat is part of an optical microscopy and spectroscopy setup to image and analyze light emanating from devices with diffraction-limited spatial resolution and 2 nm spectral resolution (1.2 meV @ 1440 nm). Electroluminescence was measured in the application relevant telecom band from 1200 to 1610 nm and in the temperature range 4 -300 K. All spectra were corrected by the relative spectral sensitivity of the setup. In the following we will report on electroluminescence spectra recorded from ultra-short channel devices at cryogenic temperatures, which to the best of our knowledge are the first of its kind.
Figure 2a and 2b show E 11 emission at room temperature from (9,8) devices with 50 nm and 100 nm gaps, and the corresponding linewidths for a number of devices with gap sizes between 10 to 1000 nm are shown in Figure 2c . The fact that we could measure electroluminescence down to 10 nm gap size was surprising, because from photoluminescence studies it is known, that the exciton diffusion length in nanotubes at room temperature is on the order of hundreds of nanometers. 21 It is also known that photoluminescence is quenched for fluorophores in direct contact with metallic surfaces. 7 Therefore, if the device channel length is short compared to the nanotube exciton diffusion length, one would expect that the non-radiative recombination of excitons at the nearby source and drain metal contacts suppresses electroluminescence. In particular for ultra-short channel devices with gaps between 10 to 50 nm we would have expected that electroluminescence becomes difficult to observe. On the other hand, the Strauf group recently reported plasmonic-enhanced photoluminescence from nanotubes located on top of metallic bow-tie antennas, having similar gap dimensions. 22 A dielectric spacer was added on top of the metal structures to avoid quenching of photoluminescence. Such a layer is absent in our experiment. We might speculate that in our case the polymer shell around the nanotubes acts as sufficiently thick dielectric spacer. Based on simulations of Wang et al., 23 we can assume that the polymer shell has a thickness of ~1 nm, in agreement with the absence of a massive electrical tunneling barrier which appears for thicker polymer shells. For fluorophores, 1 nm distance to a metal surface would be far too small to avoid quenching 7 . On the other hand, for nanotubes on metal surfaces, Hong et al. have shown that the quenching distance d is much smaller and well below 3 nm. 24 How can this be understood? Barnes has pointed out that the distance dependence of the decay rate follows d -3 for non-radiative decay into bulk modes. 25 This occurs if at the emission frequency electron scattering in the metal is strong, and it has been shown to be the case for fluorophores emitting in the visible. 26 However in the near-infrared, where electron scattering is reduced and decay into bulk modes is suppressed, the decay into non-radiative surface plasmon polariton modes (SPP) prevails and a d -4 dependence is expected. 27 The exponent can be understood by the dipole-dipole Förster energy transfer rate, which depends inversely on the sixth power of the distance: 26 For the case of a dipole above a metal, the problem is equivalent to one in which a point dipole transfers energy to a volume of point dipoles.
The rate must be integrated over this volume and the distance dependence is thereby reduced to cubic. From the same consideration one expects quartic distance dependence for transfer to a surface or thin film. Hence for near-infrared active (9,8) nanotubes it is understandable that the quenching distance is much smaller as for fluorophores emitting in the visible. On the other hand, electroluminescent light decaying into SPPs might also be recovered by the nanometer gap sized electrodes converting SPPs back to photons that couple to the far field.
Of course one could also envision a suppression of quenching by nanotube defects present in the gap region, in analogy to the defect-induced reappearance of photoluminescence in ultra-short nanotubes. 28 This is however unlikely to be the case here, since the electroluminescence data does not show the characteristic red-shifted emission of an sp 3 -functionalized nanotube. 28 From a technological point of view it is very promising that electroluminescence from carbon nanotubes is not bound to devices with large channel length. Also, the linewidth does not significantly broaden towards smaller gap size (Fig. 2c) , despite the very large induced electric field within the gap of up to 10 8 V/m. 29 Compared to the early electroluminescence work of the IBM group, 8 the linewidth is more than an order of magnitude narrower and thermalization of hot carriers appears to be sufficient to sustain cold emission even in ultra-short channel devices.
We discuss now the temperature dependence of the excitonic emission of (9,8) devices. Figure 3a shows a set of electroluminescence spectra of a representative device measured between 4 and 300 K. The E 11 emission, visible at ≈1440 nm, continuously narrows down from 50 nm (30 meV) linewidth at 300 K to 5 nm (3 meV) linewidth at 4 K. This dependency also holds for other (9, 8) devices at moderate current biasing (< 100 nA), as shown in Figure 3b . The lineshape is Lorentzian throughout the entire temperature range. Since the linewidth is larger than the spectral resolution of our setup, we conclude that the homogeneous broadening is caused by exciton dephasing. 30 Following the temperature-dependent (9,8) photoluminescence data of Yoshikawa et al., 31 we assume that the temperature dependent part of the linewidth broadening is due to coupling to acoustic phonons. We fitted the linewidth Γ in Figure 3b to the expression
32 Coefficients A and B are the exciton-phonon coupling constants for acoustic and optical phonons, respectively, and E ph is the optical phonon energy. The temperature dependent electroluminescence linewidth data scatters around a straight line with A ≈ 0.085 meV/K and B = 0, which indicates that the coupling to low-frequency acoustic phonons determines the increase of the linewidth with temperature, and that contributions of the high-frequency modes are negligibly small, as observed by Yoshikawa et al. in photoluminescence. 31 Interestingly we see that the Lorentzian linewidth increases with the current bias and reaches up to 100 meV at 300 nA and at 4 K (Fig. S1a-b ). This is comparable to previous high-bias electroluminescence measurements of (9,7)
tubes, measured at room temperature, where exciton-exciton annihilation (EAA) was hold responsible for a reduction of the lifetime with increasing current. 33 However, we observe here that the emission intensity increases linearly with the current (Fig. S1d) and not sublinear as expected for an EAA limited emission rate. 34 Hence we conclude that EAA is not important here and consider dephasing by exciton-exciton scattering as a source for current induced line broadening. 35 Concerning the residual linewidth Γ 0 at 4 K, we have measured on average between 3 to 5 meV with champion devices down to 2 meV (Fig. 3b+c) . The (9,8) linewidth at 4 K obtained by electroluminescence is therefore comparable to (9,8) photoluminescence data. 31, 36 . In some cases, albeit for other chiralities, photoluminescence linewidth was reported to reach 1 nm or below, with significant variations from tube to tube. 37, 38 These works indicate a sensitivity of the linewidth to the confinement of the low-energy acoustic phonon modes and to exciton localization. 39, 38 Variations in the environment can easily induce these effects and device-to-device variation of Γ is likely a result of limited precision in the directed placement of nanotubes, variations in the ordering of the polymer around the nanotube and insufficient interface engineering on the atomic scale. Likewise we observe variations in the temperature dependence of the E 11 peak position from device to device and with current ( Fig. 3d ). Concerning the peak position, we observe for low currents a redshift up to 17 nm (10 meV) with increasing temperature from 4 K to 300 K. Sign and magnitude of the shift match with the expected temperature dependence of the nanotube bandgap. 40 We also observe a blueshift at intermediate temperatures, which we may interpret as strain-induced as reported for polymer-wrapped ν = (n-m)mod3 = 1 nanotubes. 41 The accumulation and the release of interfacial strain probably vary from device to device and may explain why blueshifts do not occur at identical temperatures. Also, we cannot exclude the effects of water that might have been trapped inside the nanotubes during device fabrication and as a result phase transitions in the orientation of water dipoles may contribute to the observed wavelength shifts as well. Molecular dynamics simulations
show that the alignment of the dipoles and the freezing temperature is diameter dependent 42, 43 and occurs for suspended (9,8) nanotubes between 250-290 K. Since the high-frequency permittivity of frozen water is smaller than liquid water, the dielectric screening changes accordingly. 43, 44 Hence the redshift in the upper temperature range might also be caused by melting of ice inside the carbon nanotube.
We report now on the influence of the back-gate voltage on the emission characteristics in short channel devices. Figures 4a shows that for moderate current levels (< 100 nA) the excitonic emission can be completely suppressed when switching from -2 V gate voltage to +4 V. At the same time a new peak emerges at ≈1585 nm, which for a fixed current bias can be gradually switched on to a peak intensity comparable to the excitonic peak ( ); in agreement with theory. 47 Figure 4c shows a comparison of our data with the other works. We note that the binding energy and the exchange energy, and hence A and B, depend on the dielectric environment of the nanotube, 44 and slight variations between experiments are expected. Plotting the trion emission energy against the exciton emission energy (Fig. 4d ), we find a linear correlation as expected from the diameter dependence of the excitonic emission, 44 and the diameter dependence of the energy difference between the excitonic and trionic emission.
For applications it is important to have stable and reproducible operating points for excitonic or trionic emission and it is necessary to describe the conditions and biasing schemes used in this work.
A major source for drift and irreproducibility in short-channel electroluminescence measurements is related to hysteresis in the transconductance curves. Figure S3 shows a typical measurement taken at room temperature (296 K) and under vacuum (10 -7 mbar). A hysteresis of 7-8 V is prominent and typical for as-prepared short-channel devices. In such cases it is impossible to obtain stable steady-state current and emission at a fixed gate voltage, because the filling and depleting of trap states with time results in an effective time-dependent gating of the nanotube. Upon moderate heating the device to 343 K for 120 min within the evacuated cryostat, we observe a significant reduction of the hysteresis to ~2 V, which reduces to below 1 V at 220 K and disappears below 100 K (Fig. 5a) . A more rigid evaluation of hysteresis is to integrate the area between the forward and backward sweeps of the transconductance curves, which shows that a full suppression of hysteresis occurs only at 4 K (Fig. 5b) . Water-related trap states are probably the major source of hysteresis since moderate vacuum annealing already significantly reduces hysteresis, and as discussed before,
water, that may be encapsulated during device processing, could play a role here as well. For stable light emission it is however also important to apply current biasing instead of voltage biasing. This is because the device resistance R decreases with temperature T (dR/dT < 0), as seen from the temperature dependence of the ON-state current (Fig. 5a ). Subsequently voltage biasing favors fluctuations in the electrical power dissipation and leads to unstable emission and thermal runaway.
In contrast, current biasing stabilizes temperature, reduces power fluctuations and leads to enhanced emission stability. Furthermore -and maybe most important -voltage biased nanotube devices often show unipolarity in the transconductance curves at low source-drain bias, with ambipolarity appearing only at larger bias, as shown in Figure 5c . This behaviour is common for nanotube/metal contacts where the Schottky barrier for electrons is larger than for holes. It impedes finding optimum operating points for light emission since the regions of electron and hole conduction depend on both, gate voltage and source-drain voltage. In contrast, by imposing source-drain current bias, the voltage required for compensating the different resistances in the respective p-and n-regions will be instantaneously applied by the source-meter electronics. This leads to well-defined gate-voltage controlled p-and n-regions and pronounced ambipolarity. (Fig. 6c) , which is evidence for light generation through carrier recombination and not impact excitation. This efficient mechanism of light generation has been observed previously in long-channel and thin film devices, 17, 13 and this work now shows that carrier recombination is also dominating in short-channel devices. The circumstances for trionic emission are somewhat more complicated, since the formation of trions requires a net charging of the nanotube channel, a condition which cannot be satisfied at charge neutrality. If we compare Fig. 6d with Fig. 6c and excitonic and trionic emission given as count rate per electrical power. We observe that the efficiency for excitonic emission peaks around -10 V gate and is rather independent from the current, whereas the trionic emission at +10 V gate becomes efficient only at larger current bias. We are lacking an explanation for this observation but as shown in Fig. S2 and Fig. 4a-b there are also examples where trion emission occurs already at very low current bias.
We also determined the electroluminescence quantum efficiency η ELQE = N photons / N charges , the ratio of emitted photons and charges passing through the nanotube, which requires knowing the sensitivity of the setup to photons emitted by the nanotube. We approached the problem by calculating analytically the radiation pattern of an emitter on a layered substrate, 48 the fraction of emitted photons collected by the microscope objective, and determined experimentally the factor that converts detector count rate into photon flux. The product of both yields the total setup efficiency η setup and converts detector count rate to photon flux for the specific experimental setup with a nanotube on a 300 nm-SiO 2 /Si substrate. The spectra shown here were already corrected for the relative spectral sensitivity of the setup and for λ > 1300 nm the conversion into photon flux is then achieved by division with the factor η setup = 8. , which reproduces the result from waveguide-coupled (9,7) nanotube emitters.
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Conclusion
In summary, we have shown that electroluminescence in ultra short-channel devices is not quenched, likely due to relaxed quenching distance constraints in the near-infrared. We have also realized on / off-switching of excitonic and trionic emission by the gate voltage. Such control over the emission is important for the development of reliable and stable on-chip light sources with narrowline emission in the telecom band. The first cryogenic electroluminescence spectroscopy data shown in this work gives new insights into the mechanism and the limitations of electrically-induced light emission: The temperature dependence of the electroluminescence linewidth is in line with exciton dephasing caused by low-energy acoustic phonon, whereas the homogeneous line broadening with increasing current at constant efficiency indicates dephasing by exciton-exciton scattering. The observed linewidth of ~2 meV at 4 K also shows that cold electroluminescence prevails even in short-channel devices, which is promising for applications. Current biasing enforces ambipolarity and leads to stable, gate-voltage only controlled operating points for light emission. By recording electroluminescence excitation maps we could verify that light emission in short-channel devices is generated by carrier recombination. For applications it will be crucial to achieve the degree of control also at room temperature.
Methods
Device fabrication: Devices were prepared from commercial substrates (Active Business Company), which consist of a boron doped silicon carrier wafer (resistance Ω < 0.005 cm) covered with 300 nm of thermal silicon oxide. The wafer was diced to 10x10 mm 2 to fit into the cryostat setup and electrodes were defined by electron beam lithography (Leo 1530) with proximity correction. While the preparation of structures with channel length of 150-1000 nm involved standard e-beam patterning, the ultra-short channel devices down to 10 nm electrode gap size were fabricated as followed. Samples were cleaned with acetone, isopropanol and oxygen plasma, and spincoated with patterning the sample was developed in a solution of MIBK and isopropanol (1:3, for 30 s at 0°C) and annealed on a hot plate for 60 s at 90 °C. 5 nm of chromium and 25 nm of palladium were deposited by sputtering technique. The lift-off procedure was performed in acetone under mild sonication.
Preparation of CNT-suspensions and CNT deposition:
SWCNT was synthesized using CoSO 4 /SiO 2 as a catalyst and CO as a carbon precursor as described in detail. 49 The catalyst (200 mg) loaded in a 1-inch tubular reactor was first reduced under H 2 flow (1 bar, 50 sccm) while the reactor temperature was increased to 540 o C. Then, the reactor temperature was further increased to 780 o C under Ar flow (1 bar, 50 sccm). Afterward, the catalyst was exposed to CO (6 bar, 100 sccm) to initiate SWCNT growth for one hour. Raw SWCNT soot was obtained after dissolving SiO 2 in the catalyst loaded with SWCNTs in NaOH (1 M) solution. The preparation of CNT suspensions used in this study is described in full detail in our previous works. 50 For SWCNT suspensions 100 mg of the raw SWCNT soot and 100 mg of the polymer poly(9,9-di-ndodecylfluorenyl-2,7-diyl) (PODOF) (Sigma-Aldrich) were mixed in 100 mL of toluene and subjected to a sonication treatment for 2 h by using a titanium sonotrode (Bandelin, ∼20% power). During sonication, the suspension was placed in a water-circulation bath to aid cooling. After sonication, the suspension was then centrifuged for 2 h at 20000 g. To generate the starting suspensions for size exclusion separation the supernatant was concentrated to ∼5 mL by evaporating ∼95 mL of toluene. Semipreparative, size exclusion chromatography was performed using Toyopearl HW-75 resin (Tosoh) filled into a glass column having 16 mm inner diameter and 20 cm length. After application of 5 mL of SWCNT starting suspension to the gel, the sample was flowing through the gel under gravity resulting in a flow rate of ~2 mL/min with toluene as eluent. Fractions were collected in ~4 mL portions. UV−vis−NIR absorption spectra of the fractions were recorded on a
Varian Cary 500 spectrophotometer. Photoluminescence maps were measured in the emission range of ∼900−1700 nm and excitation range of 500−950 nm (scanned in 3 nm steps) using a modified FTIR spectrometer (Bruker IFS66) equipped with a liquid-nitrogen-cooled Ge-photodiode and a monochromatized excitation light source as described elsewhere. 51 Toluene-based suspensions contain few-chirality semiconducting nanotubes with diameter of 1-1.2 nm, dominating by (9,8)-
CNTs. Individual CNTs were simultaneously deposited from solution onto multiple contact pairs by capacitive-coupled ac-dielectrophoresis. 52 The suspension was diluted by a factor of 10-100 in order to deposit individual tubes and a 20 µl droplet was placed onto the device array. A bias between 0.1 and 2 V at frequencies between 100 kHz and 1 MHz was applied between the common drain electrode and the back gate using Agilent 33250 function generator. After 5 minutes the sample was rinsed with toluene to get rid of the excess polymer and annealed for 1.5 hours at 160 °C in order to improve the contact conductivity. To confirm the deposition of individual CNTs transport characteristics of the devices were measured at ambient conditions in a probe station with TRIAX probes using an Agilent 4155C Semiconductor Parameter Analyzer.
Electroluminescence spectroscopy and cryogenic setup: Samples were mounted on a custom made sample holder into a 4-500 K helium-flow, sample-in-vacuum high-resolution microscopy cryostat system (MicrostatHiResII, Oxford). Chip contacts of up to eight devices were bonded onto palladium pads attached to this holder. In-situ annealing at 60-70 °C was conducted via the integrated heater at pressure below 10 -6 mbar and the subsequent electroluminescence measurements were carried out without breaking vacuum. The cryostat has a 10 mm diameter optical access via a 0. 
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Impact of annealing on transconductance curve
Figure S3: Transconductance curves measured in vacuum. The large hysteresis measured at 296 K reduces upon annealing at 343 K.
Carbon nanotube electroluminescence detection efficiency
To determine the efficiency of converting charges into photons for a carbon nanotube device, we need to know the sensitivity of the setup to photons emitted by the nanotube. We approach the problem by determining f tube->objective , the fraction of emitted photons collected by the microscopy objective, and f countrate->flux , the factor that converts detector count rate into photon flux. The total setup efficiency η setup is then given by In a first step we model the carbon nanotube as an electrical dipole in free space, a problem that can be easily solved analytically in 3D. The radiation power pattern f P follows In our experiment the nanotube is oriented within the x-y-plane, corresponding to the equivalent cases pǁx and pǁy. The collection efficiency tube−>objective − is then calculated by integrating f P over the acceptance angle of the objective, normalized by the integral over all angles:
For NA = 0.6 we obtain 13.6 % for pǁx and pǁy, and 2.8 % for pǁz. The results are similar for the emitter above and below the surface for wavelengths above 1300nm
and shows that under conditions where waveguide modes and surface plasma polaritons are absent the distance to the surface is not critical.
Next, the fraction of radiation that is collected by the NA=0.6 objective was obtained by integrating the radiated power over the acceptance angle of the objective, normalized to the total emitted power. The results are shown in Figure S4d . It is important to note that the 2D simulations yield different results for the pǁx and pǁy orientations, whereas these orientations are equivalent in 3D.
For dipoles in free space we have reproduced the 2D simulations analytically (pǁx:35.8%, pǁy:20.5%) and compared them to analytical 3D result (pǁx=pǁx=13.6%) (dashed lines in Fig. S4d) . The results
show that 2D simulations are not suitable to map out properly the 3D problem. We have therefore written a python code for the analytic 3D solution for a dipole on a layered structure following chapter 10 in the Principles of Nano-Optics book of Novotny and Hecht. 2 The code was verified with the kind assistance of Lukas Novotny. The full green line in Fig. S4d gives now the correct result for the fraction of light that is collected by a NA=0.6 objective for a dipole emitter in pǁx or pǁy orientation on 300nm SiO 2 /Si. At 1420 nm we collect 18.79% of the emitted light, whereas at 1000 nm it is only 5.83%. Compared to the 13.6% in a homogeneous medium, we collect in the near-infrared more light due to constructive interference from the layered substrate. m) 2 we obtain β = 7.5·10 -8
.
9
The pinhole was brought into the focus of a Zeiss LD-Plan Neofluar (40x/NA=0.6) objective. A Thorlabs FELH1000 longpass filter was inserted to block visible light that could reach the NIR detector by second order diffraction. The light was dispersed with a 85 G/mm, 1.35 μm blazed grating in an Acton SP-2360 (f/3.9) imaging spectrograph (center wavelength set to 1350 nm), and spectra were recorded with a Princeton Instruments Pylon-IR 1.7 detector. The detector was operated at -100 °C and at high-gain/500kHz setting. Under these conditions the factor to convert photon flux into detector count rate is given by
(eq. 5).
The factor 10 -6 accounts for the calibration spectrum given in μW and λ/hc converts power into photon flux. .
Electroluminescence quantum efficiency ELQE
The electroluminescence efficiency ELQE can be defined as relation between the number of emitted photons and charges, passing through the nanotube which yields for excitons (for trions 3e):
(eq. 9) with determined above, which gives a conversion factor of ≈ 3 • 10 −6 ( ) ( ) (eq. 10)
The power efficiency is the relation between emission and electrical power: 
